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Pulsed laser deposition (PLD) is a conceptually and experimentally simple yet highly versatile tool for thin-film and multilayer research. Its advantages for the film growth of oxides and other chemically complex materials include stoichiometric transfer, growth from an energetic beam, reactive deposition, and inherent simplicity for the growth of multilayered structures. With the use of PLD, artificially layered materials and metastable phases have been created and their properties varied by control of the layer thicknesses. In situ monitoring techniques have provided information about the role of energetic species in the formation of ultrahard phases and in the doping of semiconductors. Cluster-assembled nanocrystalline and composite films offer opportunities to control and produce new combinations of properties with PLD.
The first PLD experiment was carried out more than 30 years ago, shortly after the invention of the pulsed ruby laser (1).
However, it was only during the past decade that PLD received extensive experimental development and came into widespread use for film-growth research. The impetus was the discovery that high-quality high-temperature (high-Tc) superconductor (HTS) films can be grown in a low-pressure oxygen environment by PLD without the need for further processing (2). This discovery opened the field of oxide ceramic film growth and research to PLD; in turn, PLD has invigorated and enriched the oxide field. During the past 9 years, PLD's advantages for the deposition of oxides and other complex materials have been used to grow films with an enormous variety of properties, including ferroelectrics, ferrites, amorphous diamond and other ultrahard phases, biocompatible and tribological coatings, polymers, compound semiconductors, and nanocrystalline materials (3).
This article describes the ablation process and its characteristic advantages and limitations for film deposition. Three themes in contemporary PLD research then are examined: (i) the creation of artificial structures and metastable phases and the systematic variation of their properties, (ii) information about the role of energetic ablated species in the formation of ultrahard phases and in the doping of semiconductors, and (iii) emerging opportunities in the synthesis of nanocrystalline and composite thin-film materials with PLD.
Pulsed Laser Ablation
Although the underlying ablation process is complex, PLD is conceptually and experimentally simple. An ultraviolet (UV) pulsed laser beam (pulse duration, 10 to 50 ns) is focused with an energy density Ed of 1 to 5 J/cm2 onto a rotating polycrystalline target (Fig. 1) . Several events occur during the laser pulse: rapid heating and vaporization of the target; increasing absorption by the vapor until breakdown occurs to form a dense plasma; and absorption of the remainder of the laser pulse to heat and accelerate the plasma, which contains neutral atoms, molecules, and ions, in both ground and excited states, as well as energetic electrons. The atoms and ions undergo collisions in the high-density region near the target (the Knudsen layer, which is a few hundred micrometers thick) to create a highly directional expansion perpdndicular to the target surface with initial velocities ?106 cm/s. If ablation is carried out in a low-pressure reactive gas such as oxygen, simple oxide molecules are also formed in the expanding ablation beam. In an ambient gas, a shock front results from collisions between the expanding plasma and the gas molecules (Fig. 2) . This front propagates with gradu-ARTICLES d ally decreasing velocity (4) toward a heated substrate, typically 5 to 10 cm away, on which film growth occurs. Amorphous, polycrystalline, or epitaxial single-crystal films can be grown, depending on the nature of the substrate and its temperature.
Characteristics of Pulsed
Laser Deposition PLD has several characteristics that distinguish it from other film-growth methods and provide special advantages for the growth of oxides and other chemically complex (multielement) materials. Congruent (stoichiometric) transfer of material. Films have the same composition as the target when the focused laser energy density is chosen properly. Congruent transfer is a consequence of the high initial rate of heating and highly nonthermal target erosion by a laser-generated plasma. It sets PLD apart from incongruent-transfer methods such as thermal evaporation or sputtering.
Deposition from an energetic plasma beam. In the ablation "plume" (Fig. 2) , atoms and ions have typical initial velocities of -106 cm/s, which for an atom of 100 atomic mass units corresponds to a kinetic energy ?52 eV. The kinetic and internal excitation energies of ablated species can be used to assist film fornation and to promote chemical reactions, both in the gas phase and on the growing film surface.
Capability for reactive deposition in ambient gases. No electron beams or hot filaments are needed in the deposition chamber (Fig. 1) , so ambient gases can be used. Energetic species in the ablation plasma react readily with gas molecules to form simple compounds (oxides, nitrides, and hydrides). Reactive deposition in lowpressure oxidants such as 02' 03, NO2, N20, or water vapor, in combination with the congruent-transfer property, allows the growth of high-quality thin films of previously difficult-to-fabricate multicomponent ferroelectric, ferrite, and biocompatible oxide ceramic materials by PLD.
Growth of multilayered epitaxial heterostructures. In these thin-film structures, adjacent layers have different compositions, but all layers share a common, continuous crystal structure. A separate target can be used to grow each layer, with a multitarget "carousel" for rapid target exchange. Growth is inherently "digital" because each layer's thickness can be controlled precisely simply by calibrating the deposition rate per laser pulse and counting pulses. By choosing a low deposition rate (such as 0.1 A per pulse), it is possible to control film growth near the atomic layer level. By increasing the laser pulse rate, one can maintain attractive overall growth rates. With the use of multiple multielement targets, artificial superconducting superlattices (5) and elegant prototype superconducting device structures (6) have been grown by PLD.
The ablation process has two characteristics that have limited its use, especially for semiconductors and other electronic thinfilm materials.
Particulates. Particulates with diameters ranging from -0.1 to -10 g'm (with most ?1 gim) usually are present in PLD films (7). They are of particular concern if films must be lithographically patterned on a micrometer or smaller scale. Both "passive" and "active" experimental techniques have been developed to minimize the number and size of particulates. The most important passive methods are to use a short-wavelength laser (such as a deep-UV excimer) and to "condition" the target to maintain a smooth surface (by a combination of target rotation and laser beam scanning). The most effective active method is to use a rotating-vane "velocity filter" to intercept most of the massive and relatively slow-moving particulates while transmitting the high-velocity atomic and ionic flux (7).
Uniform thickness films. A tightly focused pulsed laser beam produces a distribution of ablated material that is strongly peaked in the forward direction (Fig. 2) ; therefore uniform thickness films are produced only in a relatively narrow angular range. The practical solution to this problem is to move the ablation plume relative to the substrate, "painting" the substrate with the plume. For example, the laser beam can be raster-scanned over the target (8), the substrate can be rotated under an offset plume, or these motions can be combined to obtain uniform thickness depositions. Greer 
Liquid Targets and Dual-Laser Ablation
A dual-laser ablation technique was developed recently in which initial target heating by a pulsed CO2 laser (wavelength, 10.6 Fm) produces a shallow, transient molten layer, from which a slightly time-delayed pulsed excimer laser then initiates the ablation plasma plume (10). Ablation from the momentarily liquid target has resulted in a thousandfold reduction in particulate density in Y203 films (10, 11) . Moreover, the highly efficient heating of the excimergenerated plasma by the tail end of the CO2 laser pulse produces an ablation plume that is much more highly excited, and has a greatly broadened angular distribution, compared with the plume produced by an excimer pulse alone (10). Thus, dual-laser ablation is a promising technique to simultaneously minimize both particulates and the angular distribution problem.
Artificial HTS and Oxide Electronics
Thin The reason for this strong laser-wavelength dependence of the sp3:Sp2 ratio was understood only recently when gated photon-counting spectroscopy was combined with spectroscopic imaging to obtain temporally and spatially resolved images of the evolution of the species present in the ablation plume (31, 34). When KrF (248 nm) and ArF (193 nm) excimer laser wavelengths were used to irradiate graphite targets at equal intensities, quite different proportions of the energetic ions needed for ta-C formation and of slower-moving clusters were found. In fact, images of the visible plume luminescence revealed three distinct components to the transport at the high laser intensities where ta-C films are grown. These regions, and their temporal evolution, then were identified by emission and absorption spectroscopy at different laser intensities.
All three components are visible in In order to understand the N2 pressure dependence of the mobility, time-resolved ion current measurements (39) were carried out during the ablation of ZnTe into N2, with the ion probe located at the position of the GaAs substrate (37, 38). Three distinct peaks (or "modes" of incident species) were observed as a function of N2 pressure (Fig.  4) . The fast peak (labeled "1" in Fig. 4 ) contains ions that have suffered no collisions with ambient N2 molecules. These ions have KEs sufficient to displace atoms from crystal lattice sites, producing defects that will scatter carriers. The flux of these fast ions is attenuated exponentially with increasing N2 pressure, but some remain crystal carbides (15), nitrides, and a limited group of metals is possible. As in the many different vapor-phase routes (1), singlecrystal substrates are used as a supporting structure and a template for the oriented overgrowth of the film material-a process known as epitaxy. The chemical solution deposition route to epitaxial films has received the most technical attention and will be the focus of this review. In this route, the solution is merely a vehicle to deposit, either by spincoating or dip-coating, the desired elements onto a single-crystal substrate. A solid precursor film forms that decomposes (pyrolyzes) to a polycrystalline inorganic film during heating. The polycrystalline film converts to a single-crystal film at higher temperatures by one of a number of mechanisms described below. A number of different phenomena effect epitaxy. Different solution precursor chemistries can be used to produce the same inorganic material. The different precursor coatings can have different properties that include different rheological behaviors that influence coating coverage, different mechanical properties that affect cracking during processing, and different decomposition products that can alter the composition formed during pyrolysis. The large volume decrease produced during evaporation and pyrolysis will lead to the formation of "mud" cracks if the film thickness is greater than a critical value. Because the inorganic material is formed by pyrolysis at temperatures where diffusion is kinetically limited, metastable phases can crystallize to effect epitaxy during their transformation to the stable phase. In addition to these subjects, the effect of differences in crystal structure between the film and substrate on the epitaxy phenomena will also be reviewed.
In a second route, hydrothermal epitaxy, the single-crystal thin film is directly synthesized on a substrate in water at temperatures -'150?C. This route only warrants a few paragraphs because it has just "seen the light of literature."
One advantage of solution routes is the economics that "beakers and benches" chemistry offer relative-to capital-intensive vapor-phase routes. A second is the high degree of compositional control inherent with the solution synthesis of multielement, inorganic materials. Also, the newly introduced hydrothermal route offers processing temperatures that approach ambient conditions, which would be very advantageous for sequential processing of devices where SCIENCE * VOL. 273 * 16 AUGUST 1996 903
